ABSTRACT
Introduction
Quantitative analysis of dynamic changes of the proteome in a cell can provide important information to study protein function, reveal the biological process and discover protein biomarker and drug target (21) . Up to now, two fundamental strategies for protein identification and characterization by mass spectrometry (MS) have been employed in proteomics. One is the "top-down" strategy, which involves the separation of proteins by two-dimensional gel (2-D gel) electrophoresis, followed by the digestion of specific peptides using a proteolytic enzyme and the identification of proteins by mass spectrometry (2, 11, 16, 19) . The other is the "bottom-up" strategy, which is performed by the initial digestion of all proteins, followed by the separation and identification of peptides (5, 12) . Thus, feasible and reliable quantitative techniques for proteomes were developed based on these two methods, respectively.
The quantitative approach, constructed with twodimensional gel (2-D gel) and staining, is carried out through comparing the staining intensity of proteins in different gels (18) . Staining methods include silver staining (7), Coomassie Brilliant Blue staining (10) , fluorescent staining (3) etc. The color indicates the percentages of proteins, while the strength provides the information of amount. However, the 2-D gel electrophoresis technology has some limitations in performing the protein separation. For instance, it is restrained with the abundance of protein, isoelectric point, molecular weight and hydrophobic nature. The dynamic range of staining can only achieve three orders of magnitude, which does not meet the quantitative requirements of actual samples. It is also difficult to run separation effectively for the micro proteins, larger proteins, very alkaline proteins and hydrophobic proteins. Moreover, the operation of 2-D gel is time-consuming, and cannot realize automatic operation and on-line coupling with mass spectrum.
Proteomic quantitative technology based on mass spectrum can be divided into two types: labeling quantitation, (1, 4, 14) and label-free quantitation (6, 17, 20) . The former can be classified as in vivo and in vitro labeling. For the labeling technique, multi-steps of chemical reaction may cause sample loss and incomplete labeling. Also, the workload and the experimental error would greatly increase when different expression levels of samples are compared. Those disadvantages limit the application of labeling.
Recently, a new label-free quantitative technique based on liquid chromatography coupling with tandem mass spectrometry was proposed, and has been recommended by more and more researchers (8, 13, 15) . The label-free quantitative technique can also be divided into two classes: a technique based on MS information and based on MS/MS information. The former is according to the information, such as the mass spectral peak intensity, peak area, liquid chromatography retention time, interrelated with monopole mass spectrum. The latter relies on the information of tandem mass spectrometry, such as peptide hits, spectral counts, ion counts of identified peptides etc. For example, the label-free quantitation based on an electrospray ionization-linear ion trap-Fourier transform ion cyclotron resonance (ESI-LIT-FTICR) mass spectrometer has been utilized by Rebecchi et al. (17) to quantify glycosylation changes on glycoproteins. The Paul Langlais group has also applied label-free relative quantification to address the challenges in the analysis of relative phosphorylation changes of insulin receptor substrate-1 with a linear trap quadrupole-Fourier transform ion cyclotron resonance (LTQ-FTICR) mass spectrometer (9) . Though label-free quantitation is still in the initial stage, and has no established unified international standard, the research results indicated that the label-free technique is reliable for protein quantitation with high precision and sensitivity. In brief, labelfree protein quantification is economical with time and effort without using isotope as internal label, and would be applied more widely.
This study represents our initial efforts to establish a labelfree analysis to screen the characteristic peptides that could be used to qualify and quantify BSA, based on the information of Q-TOF mass spectrum. Furthermore, we used this approach to assess the recovery of spiked BSA in mixture proteins.
Materials and Methods

Materials
Trypsin, Myoglobin (Mb), Cytochrome C (Cyt.C), and Tris [tris (hydroxymethyl) aminomethane] were purchased from Sigma (St Louis, MO, USA). Bovine serum albumin (BSA) and Dithiothreitol (DTT) were from Amresco (Solon, Ohio, USA). HPLC-grade formic acid, ethanol, acetonitrile and acetone were all obtained from Tedia (Fairfield, Ohio, USA). All other reagents were analytical grade unless otherwise stated. All solutions were stored at 4 °C in dark.
Instruments
The experiments were performed on an Agilent 6520 Quadrupole time-of-tlight tandem mass spectrometer fitted with an ESI source and coupled with a 1200 Binary SL Rapid Resolution series pump, both controlled by MassHunter workstation (Agilent Technologies, Palo Alto, CA, USA). The analytical column was a 3.0×150 mm Agilent Poroshell 120 SB-C18 column with pore diameter of 300 Å and particle diameter of 2.7 μm.
Protein digestion
Protein samples (600 μg) were applied in 100 μL of 50 mM nh 4 hco 3 buffer solution containing 10 mM DTT and 8 M urea, deoxidized at 37 °C for 4 hours. Then 5 μL of 1 M iodoacetamide were transferred to the solution and alkylated for 1 hour in the dark. After that, the solution was diluted with 700 μL of 50 mM NH 4 hco 3 , and 12 μg of trypsin were added (trypsin:protein 1:50), then incubated at 37 °C for 16 hours.
Optimization of chromatographic conditions
Agilent-1200 chromatography was applied in sample analysis. Mobile phases A and B were 0.1 % formic acid (FA) in H 2 o and 0.1 % FA in acetonitrile (ACN), respectively. The effects of different gradient elution and flow rate were investigated using the mixture of BSA, Cyt.C and Mb. Through optimizing the conditions of high performance liquid chromatographic (HPLC), the method was established to separate and analyze the tryptic peptides of sample.
Mass spectrum conditions
The mass spectrometer was operated in the positive ionization mode (Agilent-6520 quadrupole time-of-flight tandem mass spectrometry, Q-TOF). The interface and MS parameters were as follows: nebulizer pressure 40 psi, dry gas 10 L/min, dry gas temperature 325 °C, spray capillary voltage 4000 V, fragmentor voltage 175 V, skimmer voltage 65 V, and scan range of m/z from 200 to 2000 m/z. All acquired data were processed using Agilent MassHunter software. The raw data of tryptic peptides were extracted by MassHunter Qualitative Analysis software (Agilent Technologies, Version B 01.03) and compared with the theoretical molecular weight of tryptic peptides of BSA. The initial searching parameter of the ion mass tolerances was set at ±10 ppm. However, the other retrieved parameters of this software were adjusted before utilizing.
Data analysis
Different concentrations of BSA digested in solution were injected using the autosampler and were determined by the HPLC-Q-TOF under the optimal chromatographic conditions. We tried to determine the dependence between the concentration of BSA and the sequence coverage of peptides by normalizing the extractive data. The reproducibility of instrument and the limit of detection of this approach for BSA were also investigated. Then the peptides of BSA for qualification and quantitation were screened through summarizing the data of eight peptides with different concentrations, and the recoveries of the spiked quantitative peptides were explored.
Results and Discussion
Influence of gradient elution
The better the tryptic peptides are separated, the more information we can get from the results. The gradient elution of HPLC could affect the separation of peptides. Therefore, four different elution programs (shown in Table 1 ) were investigated in this experiment using 20 μL mixture of 100 μg/ mL Mb, Cyt.C and BSA as injected samples. The sequence coverage and peptide match number of the three proteins acted as the reference. The results are presented in Fig. 1 . The results in Fig. 1 illustrate that the effect of gradient elution on peptide match number was slightly lower than that on sequence coverage. The highest sequence coverage of the three proteins occurred when M-2 was applied. Therefore, elution program M-2 was adopted in the following experiments.
Influence of flow rate
The influence of flow rate on peptide separation was studied using 20 μL mixture of 100 μg/mL Mb, Cyt.C and BSA as samples. HPLC flow rates of 0.2, 0.3, 0.4, 0.5, and 0.6 mL/ min were investigated. The sequence coverage, peptide match number and peptides abundances of the three proteins were summarized to evaluate the results. The results are shown in Fig. 2 and Fig. 3 . Fig. 2 , the flow rate of HPLC had little influence on the sequence coverage of peptides. However, the peptide match number decreased with increasing the flow rate. In addition, the abundances of the three peptides with high response were investigated for each protein at different flow rates (Fig. 3) . This diagram indicated that the peptides' abundance was decreasing with the increase of flow rate. In order to ensure the reproducibility of the experiment, the flow rate should be not lower than 0.2 mL/min. Thus, the optimal flow rate of HPLC was determined to be 0.2 mL/min. 
According to the results in
Adjustment of retrieving parameters of qualitative analysis software
The information about the peptides was retrieved by MassHunter software after separation, but the parameters of the filter had to be adjusted to obtain reliable results before application. The most important parameter is the peak filter. If the value of the peak filter is too high, some valuable information would be lost. On the contrary, the exceedingly low value of peak filters would result in acquiring a lot of worthless information. Table 2 shows the optimized values of peak filters based on blank-sample data. The number of compounds, the sequence coverage of BSA and the peptide match number increased, while the value of peak filters gradually decreased. When the peak filter was equal to or greater than 3000, few compounds could be filtered and no peptide of BSA matched. Then, the value of peak filters should be adjusted to values larger than 3000. 
Investigation of instrument reproducibility
To confirm the validity of the label-free approach based on MS information, reproducibility experiments were performed using tryptic peptides of BSA. Equal amounts (10 μg) of tryptical BSA were analyzed by HPLC-Q-TOF as described in the Methods section. The peak area values obtained for the eight peptides of BSA with strong responses (Table 3) were normalized to the average peak area for each of the four experiments, and a coefficient of variation was calculated for each peptide ( Table 4 ). The relatively low coefficients of variance for the results in Table 4 demonstrate that the use of peak area values of ions provides a reproducible approach to quantify the eight peptides of BSA.
Correlative investigation of the protein concentration and sequence coverage
The limit of detection of this approach for BSA was investigated through analyzing the amount of 1, 10, 20, 100, 200 and 500 ng BSA separately with the HPLC-Q-TOF system. The results were retrieved by optimal filter parameters and were shown in Table 5 . Seven peptides were determined when 100 ng BSA was sampled, and the sequence coverage was 12.03 %. More matched peptides could be found with increasing the amount of sample. Therefore, the detection limit of BSA is 100 ng. In order to investigate the type of mathematical relationship between the concentration of protein and the sequence coverage of peptides, 1 mL samples containing 5 μg/ mL, 10 μg/mL, 25 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/ mL, 400 μg/mL, 500 μg/mL of BSA were digested in-solution and determined by Q-TOF respectively with an introduction volume of 20 μL. Each sample was detected three times, and the relative standard deviation (RSD) was calculated to be less than 5 %. After analysis of the results, we found that there exists a logarithmic relationship between the concentration of BSA and the sequence coverage of peptides (Fig. 4) . the logarithmic equation is: y = 14.569Ln(x) -9.5883 . From the results, we know that at the range of 5-500 μg/mL, the concentration of BSA could be defined in general, depending on the value of sequence coverage. 
Screening of peptides for protein qualification and quantitation
In order to quantify the protein accurately, eight peptides of BSA with higher response were filtered to screen the unique peptides for protein qualification and quantitation ( Table 3) . Among the eight peptides, peptide 4 and 5 could still be detected at the detection limit, and can be used for protein qualification. After linear regression analysis, we found a linear dependence between the abundance of peptide and the concentration of BSA in peptide 1 and 4 (Fig. 5) . and the linear range is within 10 μg/mL-400 μg/mL. Peptide 1 and 4 were proved to be the characteristic peptides of BSA in the organism of Bos taurus by importing these sequences into BLAST and searching against the Swissprot database (http:// blast.ncbi.nlm.nih.gov/Blast.cgi). Therefore, the concentration of BSA could be calculated precisely according to the peak area of peptides. Thus, the label-free analysis based on mass spectrometry is an easy approach for quantification of protein.
The recovery of spiked BSA To validate and assess the accuracy of this approach, a spikeand-recovery experiment was performed. The BSA was mixed with Cyt.C and Mb, and the final concentration was 200 μg/mL. The tryptic digest of the mixture was measured by HPLC-Q-TOF. The concentration of BSA was calculated separately according to the peak area of peptides 1 and 4. The recovery of spiked BSA is illustrated in Table 6 . The results demonstrated the reliability of this label-free approach for protein quantitation.
Conclusions
Here we have described an approach by which the sensitivity and facility of modern HPLC-Q-TOF techniques could be implemented in the quantification of target proteins without isotopic labeling or addition of internal standards to samples. A logarithmic relationship was found between the concentration of injected tryptic protein and the matching sequence coverage of peptides. Two peptides were chosen as the qualitative peptides for BSA depending on the low detection limit.
The results also showed that the peak area (extracted by the Qualitative Analysis software) corresponding to the two unique peptides can be detected in a linear and reproducible manner, which means that these two peptides could be used to quantify the BSA. Further studies are needed to confirm the results with actual samples, such as cow blood. We expect to apply this label-free method for transgenic protein quantitation and achieve supervisory control of transgenic food in the future.
